In those studies, the simultaneous determination of histamine and its precursor, histidine, may afford much information.
Several liquid chromatographic (LC) methods based on amperometric detection, 9,10 UV detection [11] [12] [13] and fluorescence derivatization methods with various reagents 11, [14] [15] [16] [17] [18] for the simultaneous determination of histamine and histidine have been reported. These LC methods, however, do not provide sufficient sensitivity and selectivity required for the trace analysis of histamine and histidine in biological samples. Furthermore, the methods require complicated and timeconsuming clean-up procedures. Therefore, a simple, selective and highly sensitive determination method for histamine and histidine is required in biomedical, food chemical and clinical fields.
Recently, we have developed fluorometric LC methods for the determination of histamine by an intramolecular excimerforming fluorescence derivatization method. 19, 20 In the methods, the primary and secondary amino moieties in histamine were labeled with a pyrene reagent, 4-(1-pyrene)butyric acid N-hydroxysuccinimide ester (PSE), and the excited dipyrenelabeled derivative afforded an intramolecular excimer to fluoresce in a wavelength region (440 -540 nm) longer than that for the usual pyrene derivatives (360 -420 nm). By using these characteristics, not only histamine, but also other polyamines, [21] [22] [23] [24] were determined with high selectivity and sensitivity, even though the sample was contaminated by monoamino compounds.
The aim of this work is to develop a simple, sensitive and reproducible LC method for the simultaneous determination of histamine and histidine using the above-mentioned intramolecular excimer-forming fluorescence derivatization method (Fig. 1) . The new method allows a highly sensitive and selective determination of histamine and histidine. The structures of dipyrene-labeled derivatives were confirmed by LC with mass spectrometry (LC-MS).
Experimental

Chemicals and solutions
All chemicals and solvents were of the highest purity available and used as received. Distilled water, purified with a Milli-QII system (Millipore, Milford, MA, USA), was used for all aqueous solutions. Histamine dihydrochloride and histidine were obtained from Wako Pure Chemical (Osaka, Japan). PSE was purchased from Molecular probes (Eugene, OR, USA), and used after recrystallization from acetonitrile.
Stock solutions (1.0 mM) of histamine and histidine were prepared in water and stored at 4˚C in a polypropyrene test tube. The solution was stable for at least 1 week, and diluted further with water to the required concentrations before use. A 2.5 mM 
Derivatization procedure
To a 10-µL aliquot of a standard solution placed in a 500-µL micro polypropylene test tube were added 10 µL of 1 mM potassium carbonate and 100 µL of 2.5 mM PSE. The tube was tightly sealed and heated at 60˚C for 30 min. After cooling in ice-water, a 5-µL portion of the final reaction mixture was injected into the chromatograph.
To prepare the reagent blank, a 10-µL volume of water in place of the standard solution was subjected to the same procedure.
LC with fluorescence detection system
An isocratic LC system consisted of a Jasco (Tokyo, Japan) PU-2085plus liquid chromatograph pump, a Rheodyne (Cotati, CA, USA) Model 7125 syringe-loading sample injector equipped with a 5-µL sample loop, a reversed-phase Wakosil II 5C18-100 (150 × 2.0 mm i.d.; particle size, 5 µm; Wako Pure Chemical) and a Hitachi (Tokyo, Japan) L-7485 spectrofluorometer fitted with a 12-µL flow-cell. A mixture of acetonitrile-water-acetic acid (75:25:0.05, v/v) was used as a mobile phase. The flow-rate of the mobile phase was set at 0.2 mL/min, and the column temperature was ambient (23 ± 3˚C). The fluorescence detector was operated at excitation and emission wavelengths of 345 nm and 475 nm, respectively, and the slit-widths of both monochromators were set at 15 nm. For a comparative study, monomer fluorescence was monitored at excitation and emission wavelengths of 345 nm and 385 nm, respectively.
LC-MS system
A Finnigan (San Jose, CA, USA) LCQ, ion-trap mass spectrometer equipped with an electrospray ionization (ESI) interface, was used in place of a fluorescence detector. Other separation conditions were the same as described in the previous section. The effluent from the LC column was directly introduced to the LC-MS interface without splitting. The ion source voltage and temperature of the heated capillary were at +3.5 kV and 185˚C, respectively.
Results and Discussion
LC conditions
Under the previous LC conditions for histamine analysis, 19,20 the histidine derivative was co-eluted with the early-eluting reagent blanks. Therefore, the LC conditions were re-optimized for the simultaneous determination of histamine and histidine.
The histidine derivative was moderately retained on a reversedphase column using the acidic mobile phase by suppressing ionization of the carboxylic group. The best separation of the PSE derivatives of histamine and histidine, and reagent blank components (intermolecular excimer fluorescence peaks of PSE and its hydrolysate, 4-(1-pyrene)butyric acid) was achieved within 40 min on an ODS column using acetonitrile-water-acetic acid (75:25:0.05, v/v) as a mobile phase. Acetic acid in the mobile phase did not affect the fluorescence properties of the dipyrene derivatives. Typical chromatograms obtained with a standard mixture of histamine and histidine detected with excimer and monomer fluorescence regions are shown in Figs. 2A and B, respectively. Only small peaks based on histamine and histidine could be observed when the monomer fluorescence of pyrene structure was monitored at 385 nm.
Structural analysis by LC-MS
The structures of pyrene-labeled histamine and histidine were confirmed by LC-MS with the ESI interface. The selected ion chromatograms suggest that dipyrene-labeled derivatives were formed from histamine and histidine (M.W.; 651.3 and 695.3, respectively). Mass spectra for the peaks also provided the corresponding quasi-molecular ions ( corresponding to the monopyrene-labeled derivatives of amines and unlabeled amines, no significant peak was observed in the respective ion chromatograms. From these observations, we conclude that both of the amino moieties were derivatized with PSE under the present derivatization conditions and the reaction yields were almost 100%. The proposed chemical reaction of PSE with histamine and histidine yielding the excimer-forming fluorescence derivatives is depicted in Fig. 1 .
Derivatization conditions
Optimization studies were carried out to maximize the excimer fluorescence peak heights for histamine and histidine. Some derivatizing reagents containing the pyrene structure for amines are commercially available: PSE, 4-(1-pyrene)butyric acid, 1-pyrenesulfonyl chloride, 1-pyreneisothiocyanate and 1-pyrenecarboxaldehyde.
As is the case with histamine analysis, 19, 20 PSE afforded intense excimer fluorescence. Other optimum derivatization conditions were examined concerning the PSE concentration (0.1 -5.0 mM), water-miscible organic solvents (methanol, ethanol, acetonitrile, N,Ndimethylformamide, dimethylsulfoxide and 1,4-dioxane), potassium carbonate concentration (0.1 -100 mM), reaction temperature (0 -100˚C) and time (1 -120 min) . The selected optimum conditions described in the Experimental section were almost similar to those of histamine analysis. 19, 20 The pyrene-labeled histamine and histidine in the final reaction mixture were stable, and still gave constant fluorescence intensities after standing for at least 8 h in the daylight at room temperature and for 3 days in the dark at 4˚C.
Calibration graph, precision and detection limit
The relationship between the amount of histamine and histidine, and the peak heights were linear over the concentration range of 20 -20000 nM in the standard solution (8.3 -8300 fmol per 5 µL injection volume); the linear correlation coefficients were more than 0.999 (n = 3) for histamine and histidine. The between-day precision values were established by repeated determinations (n = 6) using mixtures of standard compounds (1.0 µM each in a sample solution, 0.42 pmol each per 5 µL injection volume); the relative standard deviations were within 3.8%.
The detection limits (signal-to-noise ratio = 3) were 2.3 and 3.8 fmol per 5 µL injection volume for histamine and histidine, respectively. This sensitivity is comparable to the most sensitive LC methods with fluorescence derivatization.
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Specificities
Some biogenic amines (amino acids, catecholamines, polyamines and so on) reacted with PSE to give the respective pyrene-labeled derivatives. Though ornithine, lysine, putrescine and cadaverine gave the corresponding dipyrene-labeled derivatives and were detected by the excimer fluorescence region, their peaks were baseline-separated from those of analytes, and did not interfere with the analysis of histamine and histidine. Other biogenic polyamines were not eluted from the column under the LC conditions used, and did not interfere with the determination; in the assay of biological samples, column washing is preferable by passing aqueous 98% acetonitrile at a flow rate of 0.3 mL/min for 20 min at the end of every run. None of the tested mono amino compounds gave peaks in the excimer fluorescence detection. Thus, this method permits a highly selective determination of histamine and histidine in samples containing monoamines.
Conclusion
By the present intramolecular excimer-forming derivatization, histamine and histidine were found to be converted to the respective dipyrene-labeled derivatives.
They afforded intramolecular excimer fluorescence (440 -540 nm), which can be clearly discriminated from normal fluorescence (360 -420 nm) of PSE and other pyrene concomitants, with irradiation of the pyrene excitation wavelength (345 nm). This unique property as well as a prolonged Stokes shift allowed a highly sensitive and specific detection of histamine and histidine. This method might be useful for biomedical, food chemical and clinical investigations where only an extremely small amount sample is obtainable.
